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Non-Contact  Acousto-Thennal  Signature  (NCATS)  analysis  uses  conversion  of  acoustic  energy  to 
heat  to  characterize  evolving  damage  in  materials.  In  the  past,  the  observed  temperature  changes 
were  interpreted  using  phenomenological  approaches.  This  paper  presents  details  of  the  mechanisms 
and  the  theoretical  models  to  predict  the  temperature  change  due  to  conversion  of  acoustic  energy  to 
heat.  NCATS  experimental  measurements  performed  using  20  kHz  high  amplitude  acoustic  waves  on 
as  received  and  fatigued  poly  crystal  line  Ti-6AI-4V  are  compared  with  theoretical  calculations  based 
on  the  mechanisms  of  transverse  thermal  currents,  inter-crystalline  thermal  currents,  and  dislocation 
dertsity  changes.  In  the  as  received  samples,  the  transverse  thermal  currents  contribution  has  been 
found  to  be  negligible  compared  with  inter-crystalline  thermal  currents  contribution.  The 
experimentally  measured  maximum  temperature  change  in  the  as  received  sample  has  been  found  to 
Ire  0.5  °C,  and  tire  theoretical  prediction  based  on  inter-crystalline  thermal  currents  is  0.08  °C.  In  the 
fatigue  damaged  samples,  the  maximum  temperature  change  increases  with  increasing  damage  that 
can  be  attributed  to  the  increasing  dislocation  dertsity.  The  theoretical  prediction  of  the  maximum 
temperature  attained  by  a  sample  that  is  near  failure  based  on  dislocation  contribution  is  2.0  'C.  while 
the  experimental  measurements  have  been  found  to  be  0.95  °C.  The  differences  between  the 
theoretical  and  the  experimental  measurements  are  discussed  in  the  context  of  the  uncertainties  in 
several  physical  parameters  used  in  the  theoretical  calculations.  ©  2014  A1P  Publishing  LLC. 
[http://dx.doi.org/10. 1063/1 .4875098] 


I.  INTRODUCTION 

In  materials  subjected  to  repeated  mechanical  loading,  a 
number  of  types  of  damage  (plastic  deformation,  cyclic  dam¬ 
age,  creqi,  etc.)  may  accumulate  over  time  leading  to  mate¬ 
rial  failure.  In  polycrystalline  metals,  even  when  the  load  is 
lower  than  the  average  yield  stress  of  the  metal,  plastic  de¬ 
formation  occurs  in  favorably  oriented  grains.  Cyclic  loading 
with  stress  lower  than  the  yield  stress  can  increase  the  num¬ 
ber  of  dislocations  and  lead  to  formation  of  new  dislocation 
structures  and  substructures  (dislocatioas  monopoles, 
dipoles,  vein  structures,  etc.).  When  dislocation  density 
reaches  a  critical  value,  it  can  lead  to  the  development  of 
persistent  slip  bands  that  can  act  as  a  local  stress  raiser  to  ini¬ 
tiate  micro-cracks.  The  micro-cracks  become  stress  raisers 
for  hastening  the  growth  rate  of  cracks  and  eventual  failure 
of  the  material.1  5  A  number  of  nondestructive  evaluation 
(NDE)  techniques  are  currently  available  for  routine  use  for 
detection  of  cracks.6-7  Detecting  and  quantifying  the  dimen- 
sioas  of  the  smallest  crack  plays  an  important  role  in  avoid¬ 
ing  catastrophic  failure  before  the  crack  reaches  the  critical 
length.  Detection  and  quantification  are  also  aseful  as  impor¬ 
tant  input  parameters  in  models  used  in  the  prediction  of  life 
of  materials  and  components.1  '  While  NDE  for  crack  detec¬ 
tion  is  a  mature  methodology,  there  is  a  need  for  NDE  meth¬ 
ods  that  can  detect  and  quantify  evolving  damage.  This 


quantification  of  evolving  damage  can  provide  additional 
input  to  life  prediction  models  improving  the  fidelity  of 
remaining  life  estimates. 

Among  die  NDE  mediods  sensitive  to  evolving  fatigue 
damage,  mediods  based  on  nonlinear  acoustics  have  been 
extensively  investigated. '  1  Aldiough  each  of  the  nonlinear 
acoustic  studies  attempt  to  correlate  the  nonlinear  acoustic 
parameter  to  the  number  of  fatigue  cycles,  only  a  few  inves¬ 
tigations  have  attempted  to  compare  the  theoretically  eval¬ 
uated  nonlinear  acoustic  parameter  to  the  accumulating 
damage  through  number  of  fatigue  cycles  and  increasing  dis¬ 
location  density  9-10-12-1 

Another  technique  that  has  been  shown  to  have  die  poten¬ 
tial  to  detea  evolving  damage  is  measuring  the  change  in  tem¬ 
perature  due  to  thenno-elastic  dissipation  during  cyclic 
loading  of  the  sample.114-19  The  change  in  the  temperature  of 
the  sample  has  been  found  to  increase  with  increasing  number 
of  cycles.20-21  Very  little  progress  has  been  made  in  the  devel¬ 
opment  of  quantitative  theoretical  models  to  provide  a  physi¬ 
cal  basis  for  increase  in  the  temperature  with  increasing 
fatigue  damage,  and  to  be  effective  the  technique  requires 
dynamic  loading  of  the  materials  and  components,  which  is 
not  always  possible. 

Sathish  et  al.  described  a  non-contact  acousto-thermal 
signature  (NCATS)  method.-"  In  those  experiments,  high  am¬ 
plitude  longitudinal  acoustic  waves  generated  by  an  acoustic 
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horn  propagate  through  an  air  gap  and  interact  with  the  sam¬ 
ple.  An  infrared  (IR)  camera  detected  and  measured  the  tem¬ 
perature  change  in  the  sample  caused  by  conversion  of 
acoustic  energy  to  heat.  The  rate  of  change  of  temperature 
caused  by  propagating  longitudinal  acoustic  waves  in  the  ma¬ 
terial  is  related  to  combination  of  thermal  properties,  acoustic 
properties,  and  the  internal  friction  of  the  material.  A  phenom¬ 
enological  relationship  between  temperature  increase  and  in¬ 
ternal  fiction  has  been  used  to  explain  observations  of  NCATS 
experiments  on  evolving  plastic  deformation  in  Ti-6AI-4V 
and  progressive  heat  damage  in  polymer  composites.  1 
Tlie  aim  of  the  present  paper  is  to  a  provide  theoretical 
basis  for  NCATS  experimental  measurements  based  on  ex¬ 
amination  of  multiple  mechanisms  responsible  for  internal 
friction  and  their  contribution  to  conversion  of  acoustic 
energy  to  heat  in  polycrystalline  Ti-6AI-4V  subjected  to  fa¬ 
tigue  damage.  The  contribution  of  each  of  the  mechanisms  is 
theoretically  calculated  and  compared  with  experimental 
measurements.  The  comparison  of  the  experimental  and  the¬ 
oretical  results  is  discussed  with  regards  to  using  NCATS  as 
a  nondestructive  evaluation  method  for  accumulating  fatigue 
damage  in  metallic  materials. 

II.  THEORY 


Bending  produces  compression  and  tensile  stresses  on  oppos¬ 
ing  sides  of  the  sample.  The  temperature  of  the  side  in  com¬ 
pression  is  slightly  higher  than  the  side  in  tension.  This 
creates  a  temperature  gradient  between  the  two  faces  of  the 
sample.  Heat  diffuses  through  the  thickness  from  the  hotter 
side  to  the  cooler  side,  and  this  process  is  known  as  transverse 
thermal  currents.  For  bending  induced  by  acoustic  excitation, 
the  compressive  and  tensile  stresses  in  the  sample  are  reversed 
with  twice  the  frequency  of  the  acoustic  excitation.  Zener  has 
shown  that  the  diffusion  of  transverse  thermal  currents  leads 
to  a  frequency  dependent  internal  friction  Qttc  described  by 
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where  a,  (K  ')  is  the  thermal  expansion,  (m's~l)  is  the 
thermal  diffusivity,  and  A  (m)  is  the  thickness  of  the 
sample. 


B.  Internal  friction  due  to  inter-crystalline  thermal 
currents  (O^1) 


It  is  well  known  that  when  longitudinal  acoustic  waves 
propagate  through  a  homogenous  material,  a  small  portion  of 
the  acoustic  energy  is  converted  into  heat,  and  the  rate  of 
change  of  temperature  is 
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where  /  (s_1)  is  the  frequency  of  the  acoustic  wave,  p  (kg 
m-3)  is  the  density,  Cp  (J  kg-  '  K1)  is  specific  heat,  E  (Pa)  is 
the  Young’s  modulus,  am  (Pa)  is  the  maximum  stress  ampli¬ 
tude  of  the  acoustic  wave,  Q-,-1  is  the  total  internal  friction, 
and  A T  —  (T  —  To)  is  the  change  in  the  temperature  due  to  de¬ 
formation  caused  by  the  acoustic  wave  where  T  is  the  tem¬ 
perature  during  the  interaction  of  the  acoustic  wave  w'ith  the 
sample  and  To  is  the  initial  temperature. 

In  materials,  a  number  of  internal  friction  mechanisms 
acting  simultaneously  are  known  to  produce  dissipation  of 
acoustic  energy  into  heat.22-25-2  In  polyciystalline  materials, 
the  average  grain  size  (d)  and  the  thickness  of  the  sampk*  (A) 
play  an  important  role  in  internal  friction.  In  NCATS  experi¬ 
ments,  the  acoustic  frequency  used  is  approximately  20  kHz, 
and  the  approximate  wavelength  of  longitudinal  acoustic  waves 
in  most  metallic  materials  at  this  frequency  is  300  mm.  Sample 
thickness  and  the  average  grain  size  in  the  samples  used  in 
fatigue  experiments  presented  here  are  much  smaller  than  the 
acoustic  wavelength  at  20  kHz.  Under  these  conditions,  internal 
friction  occurs  due  to  diffusion  of  transverse  thermal  currents, 
inter-crystalline  thermal  currents,  and  dislocation  motion. 


The  contribution  to  internal  friction  from  inter- 
crystalline  thermal  currents  occurs  due  to  non-uniform  heat¬ 
ing  of  individual  crystallites  during  die  propagation  of  acous¬ 
tic  waves  in  polycrystalline  samples.  During  acoustic  wave 
propagation,  every  crystallite  experiences  a  uniform,  distrib¬ 
uted  pressure.  However,  the  resulting  deformation  is  not  uni¬ 
form  because  the  crystallites  are  elastically  anisotropic  and 
anisotropic  boundary  conditions  must  be  satisfied.  This  leads 
to  variations  in  deformation  over  the  dimensions  of  the  crys¬ 
tallite.  This  non-uniform  defonnation  causes  measurable 
temperature  gradients  to  occur  in  the  sample.25-26  Therefore, 
the  temperature  increase  due  to  acousto- thermal  interaction 
with  the  grain  structure  is  determined  by  non-unifoim  distri¬ 
bution  of  defonnation,  thermal  gradient,  and  the  rate  of  heat 
transfer  across  the  grain  boundaries.  The  rate  of  heat  transfer 
across  the  grains  is  known  as  inter-crystalline  thermal  flow, 
and  causes  a  frequency  dependent  internal  friction  (()“' ). 
Zener  has  shown  that  Q~*  in  a  polycrystalline  material  can 
be  expressed  as 


t}(3x,)~KT 
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where  i;  is  anisotropic  factor  defined  as  fraction  of  the  total 
strain  energy  associated  with  fluctuation  of  dilation.  K  (Pa)  is 
the  bulk  modulus,  and  d  (m)  is  the  average  grain  diameter  in 
the  sample.-5 


A.  Internal  friction  due  to  transverse  thermal  currents 

(Qttc)  C.  Internal  friction  due  to  dislocation  motion  ( Qa's) 


Transverse  thermal  currents  (TTC)  are  generated  when 
acoustic  stress  produces  bending  motion  in  the  sample. 


Dislocation  motion  during  acoustic  wave  propagation  is 
an  important  source  of  internal  friction  in  materials.  This  is 
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especially  important  in  fatigue  damage  in  metals  where  the 
evolving  fatigue  damage  increases  the  dislocation  density 
and  changes  the  dislocation  structure.  This  has  significant 
impact  on  the  frequency  and  amplitude  dependence  of  the  in¬ 
ternal  friction.  Granato  and  Liicke  developed  a  vibrating 
string  theory  of  dislocation  and  derived  an  expression  for  in¬ 
ternal  friction  from  first  principles.  The  theory  for  low  ampli¬ 
tude  acoustic  excitation  ( 10  An-lO'  6m)  predicts  that  the 
internal  friction  depends  on  the  fourth  power  of  the  disloca¬ 
tion  loop  length  (Lc)  and  frequency  of  excitation  (0-  At  low 
frequencies  (kHz)  and  low  excitation  amplitudes,  the  internal 
friction  can  be  approximated  as 
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where  M  nm)  is  the  Burgers  vector,  p  is  the  Poisson  ratio,  A 
(in  2)  is  the  dislocation  density.  L,  (m)  is  the  average  dislo¬ 
cation  loop  length,  li  is  the  damping  force  per  unit  length  of 
dislocation  per  unit  velocity  (Nms-2),  G  (Pa)  is  the  shear 
modulus,  and  fi  is  an  orientation  or  Schmidt  factor.  9 

They  go  on  to  explain  at  higher  amplitudes  of  excitation 
(>10-6m)  the  dislocations  are  unpinned  from  the  pinning 
centers  and  move  longer  distances.  Incorporation  of  the 
stress  required  to  unpin  a  dislocation  from  a  defect  and  the 
distribution  of  dislocation  loop  lengths  makes  the  expression 
for  internal  friction  much  more  complex  and  expressed  as 
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where  Ln  is  the  average  length  of  dislocation  netwoik,  k  is 
the  Cottrell  misfit  parameter,  and  £  is  a  parameter  relating 
shear  forces.2*'29 

Tlie  expression  for  high  amplitude  internal  friction  can 
be  simplified  for  low  frequency  (kHz)  acoustic  excitation. 
Assuming  that  the  dislocation  loop  lengths  are  equal 
Bhatia  ' '  and  Mason’1  derived  the  following  expression  for 
the  internal  friction: 
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where  L\  is  the  dislocation  network  length  (m);  ec  is  the  dis¬ 
location  unpinning  stress,  and  eo  is  the  strain  due  to  acoustic 
excitation.  In  order  to  determine  the  temperature  change 
measured  on  a  fatigue  damaged  sample  in  the  NCATS 
experiments,  the  sum  of  the  internal  friction  contributions 
from  the  individual  mechanisms  of  transverse  thermal  cur¬ 
rents,  inter-crystalline  thermal  flow,  and  dislocation  motion 
have  to  be  included  as  in  Eq.  (1). 


III.  MATERIALS  AND  METHODS 

The  specimen  used  in  the  present  work  was  extracted 
from  the  same  batch  of  Ti-6AI-4V  plate  that  was  character¬ 
ized  using  electron  microscopy.’2  Microscopic  examination 
has  shown  that  it  is  polycrystalline  and  has  duplex  micro- 
structure  with  an  average  grain  size  of  20  pm.  It  Is  a  dual 
phase  alloy  with  60%  by  volume  equi-axed  primary  a  phase 
and  40%  (a  +  /()  phase.  The  (a  +  /?)  phase  grains  have  a 
lamellar  structure  with  alternating  platelets  of  a  and  ft  phase. 
The  total  content  of  the  a  phase  in  the  sample  is  approxi¬ 
mately  95%  with  the  balance  being  p.  The  a  phase  has  a  hex¬ 
agonal  close  pack  (HOP)  crystal  structure,  and  the  /?  phase 
has  a  body  center  cubic  (BCC)  structure.  Rat  dog  bone  sam¬ 
ple  geometry  was  used  in  the  experiments.  The  overall 
dimensions  of  the  sample  are  150  mm  x  30  mm  x  2.5  mm 
with  a  gage  section  of  25.4  mm  x  12.5  mm  x  2.5  mm.  The 
width  of  the  gage  section,  12.5  mm.  is  slightly  larger  than  the 
diameter  of  the  acoustic  horn. 

The  experimental  setup  used  for  measurements  is  shown 
in  Fig.  1.  It  consists  of:  An  ultrasonic  horn  (operating  at 
approximately  20kHz)  to  produce  high  amplitude  acoustic 
waves,  a  Ti-6AI-4V  sample  that  is  cyclically  loaded  in  a 
servo  hydraulic  machine  to  produce  fatigue  damage,  and  an 
infrared  (1R)  camera  that  is  placed  on  the  opposite  side  of 
the  sample  across  from  the  acoustic  horn.  A  custom  devel¬ 
oped  system  and  software  arc  used  to  acquire  data  from  the 
1R  camera  and  to  synchronize  the  IR  camera  with  the  ultra¬ 
sonic  horn.  The  software  is  capable  of  collecting  the  temper¬ 
ature  anywhere  in  the  field  of  view  of  the  camera.  The 
change  in  the  temperature  with  time  can  be  collected  at  a  sin¬ 
gle  or  multiple  points  to  perform  an  average  over  an  area  in 
the  field  of  view  of  the  camera." 

To  experimentally  measure  the  temperature  change  in 
the  sample  due  to  acoustic  interaction,  the  sample  and  the 
horn  tip  were  adjusted  to  be  parallel  to  each  other,  and  the 
distance  between  them  was  optimized  and  set  to  be  approxi¬ 
mately  300  pm.  The  grip  pressure  on  the  sample  was  set  to 
zero.  The  acoustic  horn  was  excited  with  a  1000  ms  long 
pulse  at  100%  power  of  the  amplifier  (Branson  900BCA). 
The  IR  camera  was  used  to  capture  the  temperature  changes 
in  the  sample  over  a  period  of  10000ms  at  a  rate  of  30 
frames  per  second.  The  pressure  in  the  grips  was  increased  to 
the  appropriate  level,  and  the  sample  was  fatigued.  The 
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FIG.  1 .  Block  diagram  of  the  NCATS  experimental  setup. 
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sample  was  cyclically  loaded  at  f =  10  Hz.  R  =  0.1  wiih  max¬ 
imum  and  minimum  loads  of  4kN  and  0.4  kN,  respectively. 
After  5000  cycles,  the  cyclic  loading  was  stopped;  the  grip 
pressure  was  reduced  to  a  minimum;  the  acoustic  horn  was 
excited,  and  time -temperature  data  was  collected.  The  exper¬ 
imental  measurements  were  repeated  at  intervals  of  5000 
cycles  until  the  sample  fractured.  The  out  of  plane  displace¬ 
ment  of  the  sample  generated  by  the  acoustic  pulse  was 
measured  before  subjecting  the  sample  to  fatigue  by  using  an 
optical  fiber  displacement  sensor,  and  it  was  determined  be 
10  pm. 

IV.  RESULTS  AND  DISCUSSION 

Figure  2  shows  the  change  in  temperature  as  a  function 
of  time  when  the  sample  is  subjected  to  acoustic  excitation 
in  the  as  received  condition,  after  10000  fatigue  cycles,  and 
after  35  000  cycles  of  fatigue  but  before  failure.  The 
observed  general  trend  for  all  cases  is  that  the  temperature  of 
the  sample  rises  rapidly,  reaches  a  maximum,  and  then 
decreases  gradually.  It  can  be  seen  that  the  maximum  tem¬ 
perature  attained  by  the  sample  (ATm)  increases  with 
increasing  number  of  fatigue  cycles. 

A.  Contribution  to  temperature  change  from  internal 
friction  dueto  transverse  thermal  currents  (Qrrc) 

Examination  of  the  experimental  configuration  (Fig  1) 
shows  that  the  short  sides  of  the  sample  are  clamped  by  the 
grips  and  the  acoustic  horn  is  impinging  acoustic  stress 
waves  at  the  center  of  the  sample  gage  section.  This  is  simi¬ 
lar  to  a  vibrating  rectangular  beam.  The  acoustic  stress  could 
cause  a  bending  in  the  beam  resulting  in  compression  on  one 
side  of  the  sample  and  tension  on  the  opposite  side.  Internal 
friction  due  to  transverse  thermal  currents  in  the  sample  is 
given  by  Eq.  (2).  Using  the  thermal  and  elastic  properties  of 
Ti-6AMV  reported  in  literature”  in  Eq.  (2),  the  internal  fric¬ 
tion  due  to  transverse  thermal  currents  was  evaluated  to  be 


FIG.  2.  Timc-tcmpcralurc  curves  in  as  received  and  fatigue  damaged  Ti- 
6A1-4V  .sample. 


Qttc  =  5  x  10-'.  The  increase  in  the  temperature  of  the 
sample  due  to  transverse  thermal  current  internal  friction 
(2j^-was  determined  using  Eq.  (1)  to  be  approximately 
10"  °C.  In  comparison  with  experimental  measurements  of 
0.5 °C  to  l.O^C,  temperature  change  due  to  QfpC  is  very 
small,  and  it  is  beyond  the  detection  capability  of  the  1R 
camera  used  in  the  experiments. 

The  frequency  of  maximum  contribution  to  internal  fric¬ 
tion  from  transverse  thermal  currents,  frre,  is  calculated  to 
be  1.2  Hz  using  Eq.  (3).  This  is  four  orders  of  magnitude 
smaller  than  the  excitation  frequency  of  20  kHz  used  in  the 
experiments.  It  is  expected  when  the  operating  frequency  is 
far  from  the /Tlt-  the  internal  friction  and  its  contribution  to 
temperature  change  of  the  sample  to  be  small.  This  shows 
that  in  the  present  experiment,  the  contribution  of  transverse 
thennal  current  to  the  internal  friction  and  to  the  overall  tem¬ 
perature  change  may  be  assumed  to  be  negligible. 

B.  Contribution  to  temperature  change  from  internal 
friction  dueto  inter-crystalline  thermal  currents  (QTc) 

The  average  grain  size  of  the  Ti-6A1-4V  sample  used  in 
the  experiment  is  20 /im.  The  average  grain  size  is  at  least  4 
orders  of  magnitude  smaller  than  the  acoustic  wavelength. 
The  small  grain  size  relative  to  the  acoustic  wavelength  and 
the  anisotropic  physical  properties  indicate  a  possibility  of 
significant  internal  friction  due  to  inter-crystalline  thermal 
currents.  Substituting  the  appropriate  physical  properties  of 
Ti-6AI-4V  and  the  average  grain  size  into  Eq.  (5),  the  fre¬ 
quency  of  maximum  internal  friction  due  to  inter-ciystalline 
thennal  currents  (fic)  was  determined  to  be  20  kHz.  The 
acoustic  frequency  used  in  the  experiments  matches  and 
the  frequency  dependent  term  in  the  square  brackets  in  Eq. 
(4)  has  maximum  of  0.5.  To  determine  Q~.'  in  the  sample 
using  Eq.  (4),  it  is  necessary  to  evaluate  the  anisotropy  fac¬ 
tor.  i/.  Zener  defined  i/  based  on  the  elastic  constants  for  a 
cubic  crystal.2  Defining  a  unique  anisotropy  factor  based  on 
elastic  constants  in  other  crystal  structures  is  neither  trivial 
nor  consistent. ' 1  As  an  alternative,  Zener  suggested  that  >\ 
based  on  anisotropic  thermal  expansion  in  hexagonal  crystal 
structure  can  be  used  for  evaluation  of  internal  friction  due 
to  inter-ciystalline  thermal  currents.25  Following  Zener’s 
approach,  t]  was  calculated  using  experimental  measure¬ 
ments  of  thermal  expansion  reported  in  the  literature  and 
determined  to  be  0.03. 25 

Tire  internal  friction  due  to  inter-crystalline  thermal  cur¬ 
rents,  Q~}  in  the  sample  was  found  to  be  4  x  10-4.  Its  contri¬ 
bution  to  the  rate  of  change  of  temperature  and  the 
maximum  temperature  attained  by  the  sample  were  eval¬ 
uated  using  Eq.  ( 1 ).  The  rate  of  change  of  temperature  in  the 
as  received  sample  was  determined  to  be  approximately 
0.08  C/s.  This  leads  to  a  maximum  temperature  attained 
due  to  a  Is  acoustic  interaction  to  be  0.08  C.  The  experi¬ 
mentally  measured  temperature  change  is  approximately  six 
times  larger  than  theoretical  calculations.  The  difference  can 
be  attributed  to  uncertainties  in  the  parameters  used  in  the 
theoretical  calculations.  Of  all  the  parameters,  the  most 
uncertainty  is  in  the  evaluation  of  t\.  In  hexagonally  struc¬ 
tured  i  Ti-6AI-4V,  both  the  thermal  expansion  and  elastic 
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moduli  arc  anisotropic,  but  only  the  thermal  expansion 
anisotropy  has  been  accounted  for  in  the  calculations 
presented  here.  It  is  possible  that  including  the  clastic 
anisotropy  contribution  will  increase  the  internal  friction  due 
to  intercrystalline  thermal  currents  and  account  for  the 
observed  difference.  Another  possible  explanation  for  the 
difference  is  related  to  the  dual  phase  of  the  microstructure 
of  Ti-6 A1-4V.  The  lamellar  structure  of  the  (a  4-  ft)  grains 
consists  of  platelets  that  are  very  thin  compared  to  the 
average  grain  size.  During  acoustic  excitation,  the  movement 
of  platelets  against  each  other  can  generate  additional 
temperature  gradients  providing  an  additional  contribution  to 
the  total  internal  friction. 

C.  Contribution  to  temperature  change  from  internal 
friction  due  to  dislocation  motion  (O^s/) 

It  is  well  known1  J  1  ^  that  the  dislocation  density  in 
a  sample  subjected  to  cyclic  loading  increases  with  number 
of  cycles.  The  change  in  dislocation  density  has  significant 
impact  on  the  internal  friction.'  211'1'3  38  'Hie  contribution 
of  dislocations  to  the  total  internal  friction  and  the  time- 
temperature  measurements  can  be  theoretically  calculated 
following  Granato  and  Liicke  vibrating  string  theory.28'23' 
Dislocation  density  and  dislocation  loop  lengths  are  required 
to  determine  the  internal  friction  from  the  theory.  Most  often, 
these  terms  are  determined  using  transmission  electron  mi¬ 
croscopy  (TEM).  Maurer  studied  dislocation  density  changes 
using  TEM  in  samples  obtained  from  the  same  batch  of  Ti- 
6AI-4V  alloy  and  subjected  fatigue  conditions  similar  to 
those  used  in  present  experiments.  Maurer  showed  that  the 
dislocation  density  increases  from  10l2/m2  in  the  as  received 
samples  to  l(V7m:  when  a  sample  fails  at  36  000  cycles.  It  is 
reasonable  to  assume  that  the  dislocation  densities  generated 
in  the  present  experiments  are  similar  to  those  measured  by 
Maurer.32 

In  NCATS  experiments,  a  single  amplitude  of  excitation 
was  used,  and  the  sample  out  of  plane  displacement  was 
measured  to  be  to  be  10  //m.  The  amplitude  dependence  of 
internal  friction  has  been  studied  extensively  in  several  me¬ 
tallic  materials.2'5'"  ''  "4I  Comparing  the  range  of  amplitudes 
and  the  internal  friction  reported  for  T1-6AI-4V  (Ref.  39)  and 
other  metallic  materials,25'31'44'' 11  the  amplitude  of  excitation 
used  in  the  NCATS  experiments  can  be  considered  to  be 
high.  Thus,  it  is  appropriate  to  use  high  amplitude  theory  to 
calculate  internal  friction  using  Eq.  (11).  For  comparing  ex¬ 
perimental  results  with  theoretical  calculations,  the  sample 
subjected  to  35000  cycles  where  the  dislocation  density  is 
highest  was  chosen.  It  is  well  known  that  the  diskreation 
loop  length  can  vary  with  the  fatigue  conditions  and  number 
of  cycles.2'35  Foltowing  the  approach  described  by  Apple 
el  a!.9  the  average  loop  length  can  be  approximated  to  be 
1  pm.  Assuming  that  the  amplitude  of  the  acoustic  excitation 
used  in  the  experiments  can  unpin  dislocations  from  many 
pinning  centers;  it  can  be  further  assumed  that  the  maximum 
dislocation  network,  LN,  cannot  exceed  than  the  average 
grain  size  of  20  pm. 

Using  dislocation  density,  Maurer  obtained  from  TEM 
measurements  ( A  =  1015m-2),’32  an  average  dislocation  loop 


length  (Lc  =  1  pm)  and  dislocation  network  length  of  20  pm 
into  Eq.  ( 1 1 )  the  Qi'„  was  calculated  to  be  3  x  10  2.  By  sub¬ 
stituting  this  value  of  Qjt J(  into  Eq.  (1),  the  dislocation 
motion  contribution  to  the  rate  of  change  of  temperature  in 
NCATS  experiments  was  found  to  be  approximately  2 ‘  C/s. 
For  an  excitation  time  of  1  s.  the  maximum  change  in  tem¬ 
perature  of  tlie  sample  is  2°C. 

The  combined  rale  of  change  of  temperature  in  NCATS 
experiments  for  a  sample  subjected  to  35000  cycles  can  be 
evaluated  using  Eq.  (1 )  with  —  Q~}  +  .  Theoretically, 

(d AT  hit)  is  determined  to  be  approximately  2. 1  ”C/s.  and  the 
maximum  temperature  change  in  the  sample  due  to  acoustic 
excitation  of  1  s  is  2.1  °C.  This  is  approximately  twice  the 
experimental  measurement  of  0.9  °C.  The  differences  can  be 
attributed  to  assumptions  and  approximations  made  in  the 
theoretical  calculation  of  the  internal  friction.  It  is  well  known 
that  the  internal  friction  in  the  high  amplitude  acoustic  excita¬ 
tion  range  is  complicated  by  the  zig  zag  motion,  variation  of 
the  distance  between  the  dislocation  and  point  defects,  density 
distribution  of  vacancies,  statistical  distribution  of  defects, 
dislocations  network  lengths,  and  loop  lengths.'8  ,I-37'43 
Recently,  Gremaud  and  Kustov4"4'  have  attempted  to  develop 
a  complete  theory  to  provide  a  quantitative  comparison  with 
experimental  measurements  in  single  crystals  of  Cu  with  30% 
Ni.  and  were  forced  to  conclude  the  improved  theory  is  qualita¬ 
tive  as  well.  In  view  of  these  complexities,  the  results  of  the 
theoretical  comparison  with  NCATS  experimental  measure¬ 
ments  presented  in  the  paper  are  reasonable. 

V.  CONCLUSIONS 

This  paper  has  presented  the  physical  mechanisms  re¬ 
sponsible  for  conversion  of  acoustic  energy  into  heal  in  the 
as  received  and  fatigued  Ti-6Al-4Vsample  in  NCATS 
experiments.  The  role  of  the  individual  internal  friction 
mechanisms  of  transverse  thermal  currents,  inter -crystalline 
thermal  currents,  and  dislocation  motion,  and  their  contribu¬ 
tions  to  rate  of  change  of  temperature  (dAT/dt)  and  the  maxi¬ 
mum  temperature  change  ( ATm)  arc  theoretically  calculated 
and  compared  with  NCATS  experimental  measurements. 
The  contribution  of  transverse  thermal  currents  in  the  sam¬ 
ples  has  been  found  to  be  negligible,  and  the  inter-crystalline 
thermal  currents  contribution  is  approximately  six  times 
smaller  than  the  experimental  measurements  in  as  received 
Ti-AI-4V  samples.  In  samples  subjected  to  fatigue  damage 
(35  000  cycles  and  near  fracture),  the  contribution  of  disloca¬ 
tion  motion  is  higher  than  the  other  two  mechanisms.  The 
experimentally  measured  total  temperature  change,  ATnl.  in 
the  fatigue  damaged  sample  is  two  times  smaller  than  the 
theoretically  calculated  contribution  from  all  the  three  mech¬ 
anisms.  Taking  into  account  the  number  of  assumptions  in 
the  theoretical  calculations,  the  agreement  between  the  theo¬ 
retical  calculation  and  NCATS  experimental  measurements 
is  considered  reasonable. 
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